This paper is an elegant example of the scientific method, in which they start with a simple form of learning, and step by step, reveal the underlying neural mechanisms with a series of experiments.
cause a chime when you walk through the doors into a store like Radio Shack. You can place a photodiode underneath the gill, and measure the amount of light falling onto the photodiode. When the gill withdraws out of the way, more light hits the photodiode, which is easily measured as a voltage change.
What causes this reflex in the animal's natural environment? If it's a crab trying to take a bite out of the siphon, then withdrawing the gill is a life-or-death escape response for the slug. However, Aplysia lives in the kelp forest. Imagine a forest of kelp strands swaying back and forth in the waves. It's likely that an Aplysia could be constantly touched on its siphon by harmless stimuli in its natural environment. Exhibiting a full-blown gill-withdrawal response for each of these repetitive touches would be counterproductive and would interfere with the slug's ability to breathe normally. Instead, Aplysia displays a simple form of learning, called habituation, which allows it to learn to safely ignore repetitive touch stimuli and only withdraw its gill for surprising stimuli. Habituation refers to a progressive decrease in responding to a stimulus when that stimulus is repeatedly presented. After a long rest without any stimuli, the response will recover to its original level. Habituation is a form of non-associative learning, that is, it does not involve the association of one thing with another (for example, learning to associate the ringing of a bell with food is a form of associative learning). Aplysia gill-withdrawal displays three forms of non-associative learning: habituation, dishabituation, and sensitization. Dishabituation occurs when you take an animal that is completely habituated to repeated touching of its siphon. If you then pinch its tail, the animal will respond to a siphon touch with a full-blown gill-withdrawal response. In other words, the habituated response is restored to its original level. Similarly, sensitization refers to an enhancement of a response following the presentation of a novel stimulus. For example, after you pinch the tail, touching the siphon will produce a larger gill withdrawal than normal. The difference between sensitization and dishabituation is that sensitization refers to a rested animal, whereas dishabituation refers to a habituated animal.
The circuitry underlying gill withdrawal
The touch stimulus activates mechanoreceptors in the siphon skin. These sensory neurons make direct connections to the motor neurons that cause gill withdrawal. The sensory neurons also make connections to excitatory and inhibitory interneurons that con-
Neural mechanisms of habituation and sensitization in Aplysia 2
Touch the siphon, and the gill withdraws.
Motion of gill (photodiode signal). Another huge advantage of working with an invertebrate model system like Aplysia is that you can simplify the preparation, instead of using the entire intact animal. Castellucci et al. used a reduced preparation in which they removed the abdominal ganglion along with a small piece of siphon skin that was still attached to the ganglion via the connective. This reduced preparation can be
Neural mechanisms of habituation and sensitization in Aplysia 3
Both direct and indirect sensory-motor pathways.
Gill withdrawal circuitry is in the abdominal ganglion.
Identified neurons in the abdominal ganglion.
kept alive in a dish for hours with a little oxygenated seawater. In this way they could chase down the mechanisms underlying the habituation of the PSP in L7, by using a sequence of alternate hypotheses and decisive experiments that are truly elegant examples of the scientific method in action. Despite how simple and obvious this scientific method sounds, you would be surprised and perhaps a bit dismayed to learn how rarely the scientific method is rigorously practiced in the laboratory. Even well-seasoned scientists make logical errors all the time, such as formulating the hypothesis that a jump start will get the car running. That's a prediction of the outcome of an experiment, not a hypothesis about the mechanism underlying the problem. The difference is that the prediction leaves out a clear explanation of the true hypothesis about the underlying mechanism (a dead battery). It's also critical to come up with all possible alternate hypotheses that could explain the problem, and these must be falsifiable hypotheses. A hypothesis that cannot be disproven by an experiment is useless. The Castellucci et al. paper is a beautiful example of the process of scientific inference, in which they start with the simple learning phenomenon of gillwithdrawal habituation, and formulate a series of pairs of alternative hypotheses, perform the experiments that disprove one of them, thereby leading to the next pair of hypotheses. The hypotheses form a logical tree, and the experiments lead us through the branches of this tree, step by step. Let's follow the steps.
Scientific inference

Habituation
The first step is the statement of the problem or question. In this case the habituation of the behavior gill withdrawal is correlated with the decrement in the L7 PSP. What causes the PSP to decrease with repeated stimuli? This is our starting question. Castellucci et al. consider two possible explanations. Either some excitatory input is decreasing, or some inhibitory input is increasing. These aren't the only possible explanations, but they are a useful starting point. What experiment can distinguish between these possibilities? Synaptic excitation and inhibition are caused by ionic currents that have different reversal potentials. Excitatory reversal potentials are higher than the resting membrane potential, whereas inhibitory reversal potentials are lower than the resting
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Decreasing PSP in motor neuron L7.
membrane potential. That's why excitation is normally depolarizing, and inhibition is normally hyperpolarizing. By hyperpolarizing the cell with an intracellular current injection, we can change the driving force. If we hyperpolarize below the reversal potential for inhibition, then inhibitory synaptic potentials (IPSPs) will become depolarizing. This is what Castellucci did. They figured out what the reversal potential for inhibition was by looking at spontaneous IPSPs, and hyperpolarizing them until they reversed and became depolarizing. When Castellucci hyperpolarized L7 well below this membrane potential, they saw that the EPSP still decreased with repeated touches. This means that the excitatory potential (EPSP) must be decreasing. It doesn't rule out a change in inhibition, but they ignore that to instead follow up with their next question. What's causing the decrease in the excitatory synaptic potential?
The decrease in the EPSP could be caused by an actual reduction in excitatory synaptic input, or it could be caused by a decreased input resistance. Input resistance is the property of a neuron that determines how large of a postsynaptic potential is caused by a given synaptic current. In other words, as described by Ohm's law, the voltage produced is just the resistance times the current. Thus the smaller voltage response could be due to the neuron lowering its resistance, or it could be due to less current coming in. How could we distinguish between these two possibilities? Castellucci et al. measured input resistance by passing 1-3) . However, the relevance of synaptic plasticity to a specific instance of behavioral modification has never been demonstrated. We have described behavioral parameters of habituation and dishabituation of the gillwithdrawal reflex in the intact Aplysia (4), and we have examined their cellular correlates in a semi-intact preparation (5). We now describe experiments in the isolated ganglion in which we have simplified the neural circuit of the reflex in order to investigate the cellular mechanisms. Our data indicate that both habituation and dishabituation of the gill-withdrawal reflex in Aplysia involve changes in the effectiveness of a specific set of central excitatory synapses between the sensory neuron and the motor neuron. These plastic changes result from homosynaptic depression and heterosynaptic facilitation, respectively.
The abdominal ganglion was isolated except for a strand of the siphon nerve which remained attached to a small piece of skin from the tactile receptive field of the gill-withdrawal reflex (Fig. 1A) . A localized tactile or electrical stimulus was applied to the skin, and a double barrel microelectrode was inserted into one of the identified motor neurons (usually L7, Fig. 1A , part 2) (6) for recording and for measuring the membrane resistance. In some experiments we also impaled the cell bodies of the mechanoreceptor neurons of the gill-withdrawal reflex.
In experiments in the intact and semi-intact preparation (4, 5), we used a jet of seawater that lasted from 500 to 800 msec as the tactile stimulus to elicit the gill reflex. To facilitate the analysis in the isolated ganglion, we have used brief (5 msec) mechanical or electrical stimuli to the skin. These brief stimuli produced complex excita- The region innervated by such a strand, when tested with tactile stimuli, is indifield could in turn be produc crease in the input resis motor neuron. We tested ity by measuring the resi motor neuron with intrace polarizing pulses and fou decrement of the complex associated with a change resistance of the motor 1B). These findings can resistance changes at a from the microelectrode body, but they do rul changes in input resistance that the PSP alterations changes in the synaptic motor neuron. A decrease in the excita input in the motor neur caused either by an incre tion of excitatory inter contribute to the complex a decrease in synaptic eff vidual afferent excitatory demonstration of decreme mentary monosynaptic ex to the motor neuron would dence for the latter po therefore simplified the af the reflex pathway by e L7, unitary and presumab aptic EPSP's produced stimulation of mechanorec skin. We found a respons the skin by using a tac and we then applied a w stimulus to this portion of established the elementar the EPSP's in these ex showing that the threshold was all-or-none. The EPS to be monosynaptic since fixed shape and constant were not abolished in solu calcium content which t polysynaptic inputs by threshold of interneurons.
The elementary EPSP
No change in input resistance.
current pulses, and showing that they produced the same voltage deflection before and after habituation. This means that there was no change in input resistance, and the decreased EPSP must therefore be due to decreased excitatory synaptic current (that is, a decreased EPSC). In other words, the decrease must be presynaptic to L7.
Take another look at the circuit diagram. A quick look reveals that there are two sources of excitatory input to L7: (1) excitatory interneurons, and (2) the sensory neurons themselves. Which one of these is decreasing? How could we tell? One way is to stimulate only the sensory neurons, and see if the strength of those inputs decreases with repeated stimulation. The first approach that Castellucci used to selectively stimulate only the sensory neurons is called the minimal stimulation technique. The idea is to electrically stimulate the siphon skin, which will activate sensory neurons. For a strong stimulus, the sensory neurons will be strongly activated, and will in turn activate the excitatory interneurons. Thus both the direct and indirect pathways are activated for strong stimulation. But as we turn down the stimulus intensity, the sensory neurons will fire fewer and fewer spikes, and activate the interneurons less and less. At some minimal stimulation intensity, the sensory neurons will produce only a subthreshold response in the interneurons, and the interneurons will no longer fire action potentials. At this minimal stimulation intensity, the PSP recorded in L7 will be purely from the sensory neurons. In order to convince us that this is the case, Castellucci report that the threshold for these PSPs was all-or-none, and that they had a fixed shape and latency. In addition, they saw no effect when they reduced synaptic release probability by increasing the calcium concentration in the bath, which would reduce the probability of transmission via the interneurons. Together, these observations make it very likely that they were recording only monosynaptic inputs from the sensory
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When they intracellularly stimulate only a single sensory neuron, they still see the EPSP decrease in the motor neuron. This rules out presynaptic inhibition.
neurons. And since this EPSP still showed a decrease with repeated stimuli, they conclude that the synapse from the sensory neurons onto L7 is actually decreasing in strength.
They then propose a last pair of hypotheses to explain the decreased EPSP from the sensory neurons. It could be that the decreased strength of the synapse is occurring just at that synapse, and that no other neurons are involved. This is called homosynaptic depression (i.e. a decrease in strength at the same synapse). In contrast, it's possible that presynaptic inhibition is involved. Even though the EPSP in L7 is monosynaptic and doesn't involve interneurons, they can't rule out the possibility that some other interneurons are activated which don't synapse directly onto L7. If these interneurons presynaptically inhibited the synapse from sensory neuron to L7, it would be a heterosynaptic circuit rather than homosynaptic depression. How can we guarantee that only the sensory neurons are activated, without electrically stimulating some other interneurons? As luck would have it, they discovered the place where the cell bodies of the sensory neurons were located in the ganglion. They then recorded intracellularly from both a sensory neuron and L7 at the same time. With this dual recording, they could inject some current into the sensory neuron to cause it to fire an action potential. They could then observe the postsynaptic response in L7 caused by a single spike in a single sensory neuron. When they did this repeatedly, the EPSP decreased. This means that the synapse itself is decreasing in strength, homosynaptically, and that no other neurons are required.
The next logical step would be to ask whether it's the presynaptic terminal that is releasing less transmitter, or the postsynaptic side that is less sensitive to transmitter. Although Castellucci et al. mention these two possibilities, they don't come up with an experiment to test between them. How might you do so? This is another example of the "next step" experiment that might be an interesting point of departure for a term paper, as you read any article of interest. It turns out that homosynaptic depression at this synapse is presynaptic, and that less transmitter is released. The critical experiment was to puff on tiny amounts of the transmitter (glutamate), showing that the postsynaptic response to a puff is unchanged even after habituation. The molecular mechanisms underlying this decreased transmitter release are still being worked out; the Castellucci lab published a paper just last year about how transmitter release is modulated when Protein Kinase C (PKC) phosphorylates a protein called SNAP-25 (synaptosomalassociated protein of size 25 kiloDaltons). The molecular tools that they used to show this, not surprisingly, included GFP (green fluorescent protein).
It's worth pointing out that in this series of experiments, they haven't demonstrated that homosynaptic depression at the sensory-neuron-to-L7 synapse is the only mechanism underlying habituation. There could be numerous other mechanisms operating in parallel, during normal habituation of the behavioral response. In fact this is likely, since biology usually evolves multiple redundant mechanisms for important functions. Rather than try and work out all the mechanisms that are involved, the strategy they used in this paper was to try and get the most detailed explanation possible for one such mechanism.
